In order to improve the fish farm environment in accordance with the natural ecosystem, an accurate method for evaluating the cycling of materials in fish farming areas is necessary. However, the sensitivity of current indicators is inadequate for this purpose. Bio-elements such as carbon and nitrogen have stable isotopes that undergo fractionation through chemical and biochemical processes, and these isotopes are expected as useful indicators of fish farm environments. Considerable research has been focused on the use of stable isotope ratios in the analysis of the spatial [1] [2] [3] [4] [5] [6] and temporal 7 origin and transport of organic material in marine and coastal regions. In the present paper we clarify the potential of carbon and nitrogen stable isotope ratios ( d 13 C and d 15 N) as indicators for use in evaluating material cycling in fish farming areas.
Vertical core sediment samples (0-30 cm) were collected from two fish farming sites (Stn. 1 and Stn. 2) in the middle of Gokasho Bay (Stn. 3) and a river estuary at the point of largest inflow into Gokasho Bay (Stn. 4) on 13 August 1999 (Fig. 1 ). Samples were cut into 1-cm intervals and each piece was treated with 1 N hydrochloric acid, washed with distilled water and then dried at 60 ∞ C for 48 h. We also obtained feed pellets and the raw constituents, which were cut into small pieces and dried at 60 ∞ C for 48 h. The carbon and nitrogen contents and isotope ratios were analyzed using a CHN analyzer (EA1110; Thermoquest, Milano, Italy), fitted with a mass spectrometer (Mat252; Finigan Mat, Bremen, Germany). d 13 C and d 15 N were expressed as the permil deviation from the Pee Dee Belemnite (PDB) standard and atmospheric nitrogen, respectively.
According to our investigation and the official records, the 'A' fisheries cooperative association actively began fish farming in the early 1970s in the area around Stn. 1. Initially, unprocessed raw fish was used as feed. In the 1980s, feed powders containing fish meal, corn, sorghum and soy meal were adopted. Since the 1990s, the main form of feed has become feed pellets, which contain similar ingredients to the feed powder. The 'B' fisheries cooperative operating around Stn. 2 has a similar feeding history. However, in this area, the use of raw fish has increased since the mid-1990s. Figure 2 shows the vertical carbon and nitrogen profiles from cores at all stations. Below 22 cm (the 21-22 cm layer, hereafter) at Stn 1, the carbon and nitrogen contents were relatively low, at 13.9-17.1 mgC/g and 1.7-2.1 mgN/g. These values increased towards the surface. A similar trend was observed at Stn. 2. The high values (62.0 mgC/g and 9.3 mgN/g) near the surface indicate the accumulation of high concentrations of organic material. The upper layers in which the carbon and nitrogen contents rapidly increase at Stn. 1 and Stn. 2 appear to correspond to external input as a result of the onset of feeding. Carbon and nitrogen contents were 11.5-15.2 mgC/g and 1.4-2.0 mgN/g at Stn. 3, and 22.7-34.4 mgC/g and 1.8-2.7 mgN/g at Stn. 4. The vertical variation in carbon and nitrogen content seen at Stns. 1 and 2 were not observed at these stations.
The C/N ratio ranged from 6.5 to 8.6 at Stns. 1, 2 and 3 ( Fig. 2) . At Stn. 1, the C/N ratio was lower in the 0-20 cm layer compared to the 22-30 cm layer, and was lowest (7.0) at a depth of 16 cm, increasing to 7.2-7.7 around the surface. At Stn. 2, the C/N ratio was also lower above 18 cm, with the lowest value (6.5) at 2 cm. At Stn. 3, the C/N ratio increased from 16 cm, reaching approximately 7.5 near the surface. At Stn. 4, the ratio fluctuated between 12.6 and 13.9. This indicates that the upper layer at Stns. 1 and 2 (from 18 cm and 20 cm, respectively), is loaded with low-C/N material, which may reflect the effects of feeding. The low C/ FISHERIES SCIENCE Y Yamada et al. N ratio was notable in the sediments in the top 4 cm at Stn. 2.
At Stn. 1, the d 13 C value was in the range -20 to -20.5‰ below 12 cm (Fig. 3) , decreasing slightly to -21.5‰ in the upper layers. 15 N (2.5-3.2‰) were lower than other stations and the C/N ratio was high, reflecting the contribution of terrestrial organic matter that accumulates in the estuary area. In the fact, the carbon and nitrogen contents at 28 cm were 32 or 33% less than at 1 cm (Fig. 2) , while there were little differences for d 13 C and d 15 N values (Fig. 3) . The d 13 C and d 15 N characteristics seen below 22 cm at Stn. 1, 20 cm at Stn. 2, and from the surface at Stn. 3 can be all be attributed to in situ natural processes, and can be achieved without external input of organic matter. In contrast, the large changes in C/N, d
13 C and d 15 N at less than 22 cm at Stn. 1 and 20 cm at Stn. 2 are considered to be directly attributable to feeding operations. Although the d 15 N value in fish varies depending on the habitat and trophic level of the fish in question, the d
15 N values are significantly higher than that of the primary producers ( ª 9-15‰ 8, 9 ). The primary ingredient in the feed pellets used in fish farming is fishmeal mixed with terrestrial plant products such as wheat flour. As shown in Table 1 Table 2 ). The high d 15 N value in feed pellets is then mainly due to the fishmeal content. The d 13 C value was approximately 1-2‰ lower than values (more than -20‰ 9,10 ) of primary producers. This low d 13 C value is considered to be due to the terrestrial plant content. In the seabed surrounding the investigation area (Stn. 1 and Stn. 2), Capitella sp. and Polychaeta Pseudopolydora pauchibranchiata are abundant in the short period from winter to spring 11 and the sediment is expected to be considerably disturbed by these organisms. However, even though there is some shallow vertical mixing of the sediment by benthos, it is possible to analyze the progress of sedimentation from the vertical distribution of elements under continual sedimentation.
The relatively high value of d 15 N in the top 20 cm at Stn. 1 and the top 18 cm at Stn. 2 reflects the feed used, which consists mainly of fish-based organic matter (Fig. 3) . This is also supported by the low C/ N ratio (Fig. 2) . The d 13 C in the top 10 cm at Stn.1 was 1‰ lower than between 12 and 20 cm, and 1‰ In the top 4 cm at each site, the d 13 C value at Stns. 2 and 3 were almost identical, the d 15 N level was higher at Stn. 2 than at Stn. 1, and the C/N ratio was lower at Stn. 2 than that at Stn. 1. These results indicate that in the top 4 cm layers at Stn. 2, the fish meal load was greater than at Stn. 1. This is consistent with the fact that the use of raw fish in feed by the 'B' fisheries cooperative has recently increased.
In summary, it was clarified that the sedimentary d 13 C and d 15 N in fish farms reflect the changes in feed used at each station. We can say that d 13 C and d 15 N are useful indicators for assessing the environmental conditions of fish farms. 
